In this study, boron, a metalloid element commonly used in semiconductor applications, was added in a V-containing Zr-based AB 2 metal hydride alloy. In general, as the boron content in the alloy increased, the high-rate dischargeability, surface exchange current, and double-layer capacitance first decreased and then increased whereas charge-transfer resistance and dot product of charge-transfer resistance and double-layer capacitance changed in the opposite direction. Electrochemical and gaseous phase characteristics of two boron-containing alloys, with the same boron content detected by the inductively coupled plasma optical emission spectrometer, showed significant variations in performances due to the difference in phase abundance of a newly formed tetragonal V 3 B 2 phase. This new phase contributes to the increases in electrochemical high-rate dischargeability, surface exchange current, charge-transfer resistances at room, and low temperatures. However, the V 3 B 2 phase does not contribute to the hydrogen storage capacities in either gaseous phase and electrochemical environment.
Introduction
As energy storage devices, nickel/metal hydride (Ni/MH) batteries are important in consumer battery, transportation, and alternative energy-related stationary applications, and they are superior in operation temperature range and cycle life compared to the competing Li-ion batteries [1] . However, the specific energy of Ni/MH battery is lower than that of Li-ion battery, which has become the main research direction in the field [2] . Two commonly used stoichiometries in Ni/MH batteries are AB 2 and AB 5 , where the A-site is occupied by larger elements with stronger affinities with hydrogen, and the B-site elements are relatively smaller and have the tendency to weaken the alloy's average metal-hydrogen bond strength [3] . Nevertheless, flexibility in stoichiometry [4, 5] and abundantly available secondary phases [6] in the AB 2 metal hydride (MH) alloy allow for fine tailoring in chemical composition to fulfill the stringent demands from different applications. Among various types of AB 2 MH alloys, one based on the C14 Laves phase-an intermetallic phase with an AB 2 stoichiometry-is commonly used as the negative electrode active material of the Ni/MH battery [6] . Laves phases, named after Fritz Laves , have three different classes: a cubic MgCu 2 (C15), a hexagonal MgZn 2 (C14), and a dihexagonal MgNi 2 (C36) [7] . Although the theoretical hydrogen storage of C15 phase is higher than that in the C14 phase (6.33 vs. 7 per AB 2 formula) [8] , C14 alloy was used in the first commercially built electric vehicle (EV-1 by General Motor, Detroit, MI, USA) due to its large capacity and superior cycle stability over C15 phase. Typical A-site elements in the C14 MH alloy are Ti
Experimental Setup
Sample preparation began with a conventional melt-and-cast by placing the designated atomic proportionated raw materials into an Al 2 O 3 crucible under a helium protective atmosphere with the induction melting furnace heating up and holding at 1500 • C for 5 min; an iron plate was later used for holding the melt for cooling. A hydriding/dehydriding process followed to pulverize the ingot into powder smaller than 200 mesh. The actual chemical composition of each sample was analyzed with a Varian Liberty 100 inductively coupled plasma optical emission spectrometer (ICP-OES, Agilent Technologies, Santa Clara, CA, USA). A Philips X'Pert Pro X-ray diffractometer (XRD, Philips, Amsterdam, The Netherlands) and a JEOL-JSM6320F scanning electron microscope (SEM, JEOL, Tokyo, Japan) with energy dispersive spectroscopy (EDS) capability were used for the phase identification, phase distribution, and phase composition studies. A Suzuki-Shokan multi-channel pressure-concentration-temperature (PCT, Suzuki Shokan, Tokyo, Japan) system was used for the gaseous phase H-storage study. A 2-h thermal cycle activation between room temperature (RT) and 300 • C under 2.5 MPa H 2 pressure was conducted before the PCT measurements at 30, 60 and 90 • C. For the electrochemical measurements, −200 mesh alloy powder was compacted onto an expanded nickel mesh by applying 2 GPa pressure with a hydraulic press to form a negative electrode that was 1 cm 2 in size and 0.2 mm thick. Half-cell testing performed with an Arbin BT2000 battery tester (Arbin, College Station, TX, USA) was used to measure electrochemical properties at RT with a 30 wt % KOH aqueous solution as the electrolyte and two pieces of sintered Ni(OH) 2 /NiOOH as the counter positive electrode. The system was charged at a current density of 50 mA·g −1 for 10 h and then discharged at a current density of 50 mA·g −1 until a cutoff voltage of 0.9 V was reached. Next, the system was discharged at a current density of 12 mA·g −1 until a cutoff voltage of 0.9 V was reached and again discharged at a current density of 4 mA·g −1 until a cutoff voltage at 0.9 V was reached [16, 17] . AC impedance measurements were also performed to characterize the RT and low temperature (LT, −40 • C) electrochemical properties. Each negative electrode was first subjected to three full charge/discharge activation cycles, charged fully, and discharged to 80% state-of-charge at a 0.1 C rate with an Arbin BT2000 battery tester. A Solartron 1250 Frequency Response Analyzer (Solartron Analytical, Leicester, England) with a sine wave amplitude of 10 mV and a frequency range of 0.5 mHz to 10 kHz was then used to conduct the AC impedance measurements. Magnetic susceptibility (M) of the activated alloy powder surface (by immersing the alloy powder in a 30 wt % KOH solution at 100 • C for 4 h) was measured by a Digital Measurement Systems Model 880 vibrating sample magnetometer (MicroSense, Lowell, MA, USA).
Results and Discussion

Chemical Composition
A 2 kg induction melting furnace with an Al 2 O 3 crucible was used to prepare six alloys (B0 to B5) with the design compositions of Ti 12 , where x is from 0 to 5. The base alloy (B0) was chosen because of its balanced performances in capacity, high-rate dischargeability (HRD), charge retention, and cycle stability, and was previously used as the base material in other substitution studies [18] [19] [20] [21] [22] . ICP results are compared with the design compositions in Table 1 . For each design composition, the vanadium-and nickel-contents were reduced by 40% and 60% of the added boron content, respectively, to maintain the B/A ratio. Therefore, while 60% of boron was designed to occupy the A-site, 40% of boron was designed to occupy the B-site. Boron, with the highest melting point among the constituent elements (2076 • C), was dissolved (instead of melted) in the liquid during melting. The participation rate (ratio between the content in the final alloy and content in the raw materials) of boron decreases with the increase in the boron content, which results in the lower boron contents and B/A ratios in alloys B3 to B5 compared to the corresponding design values.
Average electron density (e/a), as calculated by averaging the numbers of outer-shell electrons of constituent elements, is a parameter used to predict the C14/C15 ratio in MH alloys [23] [24] [25] . In this study, e/a of 6.57 to 6.82 is designed to promote the formation of C14 over C15 [25] . The design e/a value decreases with the increase in the boron content due to boron's relatively low number of outer-shell electrons (3) compared to the replaced vanadium (5) and nickel (10) . Even with the increased deviation between the design and ICP result, as the boron content increases, the e/a values calculated from the ICP results do not deviate much from the design values since boron shows the largest deviation between the design and ICP result but has only three outer-shell electrons (two 2s and one 2p). Table 1 . Design compositions (in bold) and inductively coupled plasma (ICP) results in at %. e/a is the average electron density. B/A is the atomic ratio of the B-atoms (elements other than Ti and Zr) to the A-atoms (Ti and Zr). 
Alloy
XRD Analysis
XRD was used to analyze the alloys' structural characteristics, and the resulting patterns are shown in Figure 1 . For the Laves phases, peaks from the hexagonal C14 and cubic C15 phases overlapped at several angles. A peak at around 41.5 • is observed in each pattern and identified as the TiNi phase with a B2 cubic structure. Furthermore, a tetragonal phase is detected in most boron-containing alloys and assigned to the V 3 B 2 phase with a tetragonal tP10 structure (Figure 2 ). Structure characteristics, such as lattice constants and phase abundances, were analyzed by the Jade 9.0 software (MDI, Livermore, Table 2 and Table S1 . With the increased boron concentration, the main peaks of the C14, C15, and TiNi phases shift to lower angles, indicating increases in lattice constants according to Bragg's Law. For the C14 phase, both lattice constants a and c increase, and the a/c ratio decreases slightly, suggesting an anisotropic expansion in unit cell as the boron content increases. Although boron is the smallest among all constituent elements, the C14 unit cell expansion due to the addition of boron has been reported previously and attributed to the dumbbell model of two smaller atoms occupying one A-site, which causes an anisotropic unit cell expansion (lower a/c ratio) [4] . The C14 unit cell expansion in the current study is compared with that from a previous study on the boron substitution in a V-free AB 2 alloy [15] in Figure 3 , and it demonstrates that more boron can be incorporated in C14 of the V-free MH alloy (as shown by the higher rate of increase in the C14 unit cell vs. the boron content in the alloy) than that of the V-containing alloy because boron forms a new V 3 B 2 secondary phase in the V-containing MH alloy. Moreover, lattice constants of the C15 and TiNi phases follow the increasing trend observed in the C14 phase as the boron content increases. It is possible that boron always enters a structure in pairs. Differently to the Laves and cubic TiNi phases, the V 3 B 2 unit cell volume does not have a linear dependency with the boron content, and all are smaller than the reported value (100.17 Å 3 from the JCPDF file [26] ) because the mixed boron configuration is suspected to be in play, where a reduced unit cell indicates a single boron atom in the B-site, and an enlarged unit cell implies double boron atoms occupying the A-site in a dumbbell manner [27] . Rietveld refinement was used to obtain the constituent phase abundances from the XRD patterns, and the results are listed in Table S1 and illustrated in Figure 4 . As the concentration of boron increases, the TiNi phase abundance increases at the expense of the Laves phase abundance monotonically, and the V 3 B 2 phase starts to form. increased boron concentration, the main peaks of the C14, C15, and TiNi phases shift to lower angles, indicating increases in lattice constants according to Bragg's Law. For the C14 phase, both lattice constants a and c increase, and the a/c ratio decreases slightly, suggesting an anisotropic expansion in unit cell as the boron content increases. Although boron is the smallest among all constituent elements, the C14 unit cell expansion due to the addition of boron has been reported previously and attributed to the dumbbell model of two smaller atoms occupying one A-site, which causes an anisotropic unit cell expansion (lower a/c ratio) [4] . The C14 unit cell expansion in the current study is compared with that from a previous study on the boron substitution in a V-free AB2 alloy [15] in Figure 3 , and it demonstrates that more boron can be incorporated in C14 of the V-free MH alloy (as shown by the higher rate of increase in the C14 unit cell vs. the boron content in the alloy) than that of the V-containing alloy because boron forms a new V3B2 secondary phase in the V-containing MH alloy. Moreover, lattice constants of the C15 and TiNi phases follow the increasing trend observed in the C14 phase as the boron content increases. It is possible that boron always enters a structure in pairs. Differently to the Laves and cubic TiNi phases, the V3B2 unit cell volume does not have a linear dependency with the boron content, and all are smaller than the reported value (100.17 Å 3 from the JCPDF file [26] ) because the mixed boron configuration is suspected to be in play, where a reduced unit cell indicates a single boron atom in the B-site, and an enlarged unit cell implies double boron atoms occupying the A-site in a dumbbell manner [27] . Rietveld refinement was used to obtain the constituent phase abundances from the XRD patterns, and the results are listed in Table S1 and illustrated in Figure 4 . As the concentration of boron increases, the TiNi phase abundance increases at the expense of the Laves phase abundance monotonically, and the V3B2 phase starts to form. Figure 5 shows the SEM back-scattering electron image (BEI) of each boron-containing alloy. Table 3 lists the composition information of selected and numbered spots with different contrasts (indicated in Figure 5 ) analyzed by EDS in each BEI. The microstructure of alloy B0 was studied and reported previously [18] [19] [20] [21] [22] . For the B/A ratio calculation, vanadium is assumed to occupy the B-site in the Laves phases [28] and the A-site in the non-Laves phases [29] . For the boron-containing alloys B1 to B5, the brightest phase with the B/A ratio between 1.38 and 1.44 is identified as Zr7Ni10. Three phases, TiNi, C15, and C14, are detected next to each other. The TiNi phase with the second brightest contrast and a low vanadium-content exhibits the lowest B/A ratio (1.18 to 1.21) among the three Figure 5 shows the SEM back-scattering electron image (BEI) of each boron-containing alloy. Table 3 lists the composition information of selected and numbered spots with different contrasts (indicated in Figure 5 ) analyzed by EDS in each BEI. The microstructure of alloy B0 was studied and reported previously [18] [19] [20] [21] [22] . For the B/A ratio calculation, vanadium is assumed to occupy the B-site in the Laves phases [28] and the A-site in the non-Laves phases [29] . For the boron-containing alloys B1 to B5, the brightest phase with the B/A ratio between 1.38 and 1.44 is identified as Zr 7 Ni 10 . Three phases, TiNi, C15, and C14, are detected next to each other. The TiNi phase with the second brightest contrast and a low vanadium-content exhibits the lowest B/A ratio (1.18 to 1.21) among the three phases. The phase with an e/a value (7.07 to 7.10) higher than the C14/C15 threshold [25] and a hypo-stochiometric composition (1.82 to 1.88) is identified as C15. The C15 phase solidifies between the C14 and TiNi phases in the cooling sequence [30] . The C14 phase with the darkest contrast among the three phases has an e/a value below 7.0 and a hyper-stoichiometry of 2.02 to 2.12. Furthermore, EDS shows a high oxygen-content in a relatively dark area (second darkest among all phases due to the light weight of oxygen), and this area is identified as ZrO 2 . By examining both the EDS and XRD results, the phase with the darkest contrast is the tetragonal V 3 B 2 phase. Boron is too light to be detected by EDS, but the low BEI contrast indicates the existence of an element lighter than carbon. The calculated B/A ratio for the V 3 B 2 phase is not the real B/A ratio since boron is not detectable by EDS; instead, it is the ratio of sum of the chromium-, manganese-, cobalt-, nickel-, aluminum-, and tin-contents to that of the zirconium-, titanium, and vanadium-contents. This B/A ratio increases from 0.32 to 0.48 with the increase in the boron content from alloys B1 to B4, which suggests increases in the amounts of smaller transition metals in the V 3 B 2 phase. Figure 5 shows the SEM back-scattering electron image (BEI) of each boron-containing alloy. Table 3 lists the composition information of selected and numbered spots with different contrasts (indicated in Figure 5 ) analyzed by EDS in each BEI. The microstructure of alloy B0 was studied and reported previously [18] [19] [20] [21] [22] . For the B/A ratio calculation, vanadium is assumed to occupy the B-site in the Laves phases [28] and the A-site in the non-Laves phases [29] . For the boron-containing alloys B1 to B5, the brightest phase with the B/A ratio between 1.38 and 1.44 is identified as Zr7Ni10. Three phases, TiNi, C15, and C14, are detected next to each other. The TiNi phase with the second brightest contrast and a low vanadium-content exhibits the lowest B/A ratio (1.18 to 1.21) among the three phases. The phase with an e/a value (7.07 to 7.10) higher than the C14/C15 threshold [25] and a hypostochiometric composition (1.82 to 1.88) is identified as C15. The C15 phase solidifies between the C14 and TiNi phases in the cooling sequence [30] . The C14 phase with the darkest contrast among the three phases has an e/a value below 7.0 and a hyper-stoichiometry of 2.02 to 2.12. Furthermore, EDS shows a high oxygen-content in a relatively dark area (second darkest among all phases due to the light weight of oxygen), and this area is identified as ZrO2. By examining both the EDS and XRD results, the phase with the darkest contrast is the tetragonal V3B2 phase. Boron is too light to be detected by EDS, but the low BEI contrast indicates the existence of an element lighter than carbon. The calculated B/A ratio for the V3B2 phase is not the real B/A ratio since boron is not detectable by EDS; instead, it is the ratio of sum of the chromium-, manganese-, cobalt-, nickel-, aluminum-, and tin-contents to that of the zirconium-, titanium, and vanadium-contents. This B/A ratio increases from 0.32 to 0.48 with the increase in the boron content from alloys B1 to B4, which suggests increases in the amounts of smaller transition metals in the V3B2 phase. Table 4 . Areas 1−6 are identified as the Zr7Ni10, TiNi, C15, C14, ZrO2, and V3B2 phases, respectively. Compositions of the numbered areas were analyzed by energy dispersive spectroscopy (EDS), and the results are shown in Table 4 . Areas 1-6 are identified as the Z r7 Ni 10 , TiNi, C15, C14, Z r O 2 , and V 3 B 2 phases, respectively. 
SEM/EDS Analysis
PCT Analysis
PCT measurements were used to study the gaseous phase H-storage characteristics of alloys in this study. Isotherms from the PCT results measured at 30 and 60 • C are plotted in Figure 6 . At the same pressure, hydrogen storage at lower temperature (30 • C) is higher than that at a higher temperature (30 • C). Compared to the AB 5 MH alloy, the highly disordered AB 2 MH alloy has a relatively slanted isotherm without an easily defined plateau region [31] [32] [33] [34] [35] [36] . Instead, the desorption pressure at 0.75 wt % is introduced as an indicator for the plateau pressure and used in the calculations of hysteresis, heat of hydride formation (∆H h ), and entropy change (∆S h ) [37] . Table 4 shows the gaseous phase H-storage properties obtained from the PCT isotherms. In general, the boron-containing alloys have higher maximum capacities and lower reversible capacities when compared to those from the boron-free alloy.
Desorption pressure measured at 0.75 wt % H-storage decreases with the increase in the boron content and can be attributed to the enlarged C14 unit cell revealed by the XRD analysis. Slope factor (SF), defined as the ratio of desorption capacity between 0.01 and 0.5 MPa to total reversible capacity [6, 17, 22] , is an indicator of the degree of disorder (DOD) in the MH alloy [38] and smaller in a more slanted isotherm. SF measured at 30 • C is listed in the fifth column in Table 4 and shows a decreasing trend with the increase in the boron content. This finding suggests a decrease in uniformity with the addition of boron and is consistent with the decrease in the main C14 phase abundance. Hysteresis of PCT isotherm, defined as the natural log of ratio between the absorption and desorption equilibrium pressures [39] [40] [41] , can be used to predict the degree of pulverization through cycling [28, 37, 42, 43] . In the current study, hysteresis is listed in the sixth column in Table 4 and does not change significantly as the boron content increases. Therefore, boron is not likely to have a major impact on the pulverization rate during cycling.
∆H h and ∆S h can be calculated from the desorption equilibrium pressures at 0.75 wt % H-storage at 30, 60, and 90 • C by the Van't Hoff equation,
where T and R are the absolute temperature and ideal gas constant, respectively. ∆H h is negative since the hydrogen absorbing process is exothermic. The different between ∆S h and −130.7 J·mol H 2
for H 2 gas indicates DOD of hydrogen in the MH alloy [42] . Both −∆H h and −∆S h are listed in Table 4 and share a similar trend with the gaseous phase H-storage capacities due to the existence of two competing driving forces-an increase in the C14 unit cell volume and a decrease in the C14 phase abundance as the boron content increases. 
Electrochemical Analysis
Half-cell full discharge capacity is obtained by summing the discharge capacities at three different rates, and half-cell HRD is defined as the ratio between the high-rate and full capacities. Electrochemical activation behaviors of full capacity and HRD in the first 13 cycles are illustrated in Figure 7 . All alloys require the same number of activation cycles (2) to reach the stabilized capacity. As the boron content increases, capacity decrease (Figure 7a) , and more activation cycles are needed to reach 85% of maximum HRD (Figure 7b) . HRD starts to drop at the eighth cycle in alloys with higher boron contents. HRD at the 10th cycle for each alloy is listed in Table 5 and shows a first-decrease-then-increase trend with the increase in the boron content. Therefore, boron in the Laves phase-based MH alloy is suspected to deteriorate HRD [4] , but the increase in the V 3 B 2 phase abundance at higher boron content benefits it. In alloy B5, although the V 3 B 2 phase abundance is smaller than that in alloy B4, the abundance of another beneficial phase, TiNi [44] , is higher, which results in the positive net effect on HRD.
Half-cell full discharge capacity is obtained by summing the discharge capacities at three different rates, and half-cell HRD is defined as the ratio between the high-rate and full capacities. Electrochemical activation behaviors of full capacity and HRD in the first 13 cycles are illustrated in Figure 7 . All alloys require the same number of activation cycles (2) to reach the stabilized capacity. As the boron content increases, capacity decrease (Figure 7a) , and more activation cycles are needed to reach 85% of maximum HRD (Figure 7b) . HRD starts to drop at the eighth cycle in alloys with higher boron contents. HRD at the 10th cycle for each alloy is listed in Table 5 and shows a firstdecrease-then-increase trend with the increase in the boron content. Therefore, boron in the Laves phase-based MH alloy is suspected to deteriorate HRD [4] , but the increase in the V3B2 phase abundance at higher boron content benefits it. In alloy B5, although the V3B2 phase abundance is smaller than that in alloy B4, the abundance of another beneficial phase, TiNi [44] , is higher, which results in the positive net effect on HRD.
(a) (b) Figure 7 . Activation behaviors observed from (a) half-cell capacity measured at 4 mA·g -1 and (b) halfcell high-rate dischargeability (HRD) for the first 13 electrochemical cycles. Both surface exchange current (Io) and bulk diffusion coefficient (D) are used to trace the cause of change in HRD, and the results are listed in Table 6 . While Io reflects the reaction kinetics at the electrode surface, D shows the ability of hydrogen diffusing from the particle core to surface. Details of these measurements can be found in previous studies [45] . Other temperature-and hydrogen content-dependent measurements of hydrogen diffusion constant, such as nuclear magnetic resonance [46] and quasi-elastic neutron scattering [47] , in Laves phase alloys were also conducted before. In this study, both Io and D first decrease and then increase with the increase in alloy number as shown in Figure 8a . However, since the variation in D is on a smaller scale compared to that in Io, Io is considered the main factor in affecting HRD. In other words, the HRD performances of the boroncontaining alloys are dominated by the speed of surface reaction. According to our previous study, the TiNi phase contributes more to D than Io [44] , which is confirmed by comparing HRDs of alloys B4 and B5 in this study. Both surface exchange current (I o ) and bulk diffusion coefficient (D) are used to trace the cause of change in HRD, and the results are listed in Table 6 . While I o reflects the reaction kinetics at the electrode surface, D shows the ability of hydrogen diffusing from the particle core to surface. Details of these measurements can be found in previous studies [45] . Other temperature-and hydrogen content-dependent measurements of hydrogen diffusion constant, such as nuclear magnetic resonance [46] and quasi-elastic neutron scattering [47] , in Laves phase alloys were also conducted before. In this study, both I o and D first decrease and then increase with the increase in alloy number as shown in Figure 8a . However, since the variation in D is on a smaller scale compared to that in I o , I o is considered the main factor in affecting HRD. In other words, the HRD performances of the boron-containing alloys are dominated by the speed of surface reaction. According to our previous study, the TiNi phase contributes more to D than I o [44] , which is confirmed by comparing HRDs of alloys B4 and B5 in this study. Table 6 . Summary of the room temperature (RT) and low temperature (LT) electrochemical properties (D: bulk diffusion coefficient, Io: surface exchange current, R: charge-transfer resistance, C: doublelayer capacitance, and RC product). To further investigate the connection between HRD and the surface reaction, AC impedance measured at both RT and LT were conducted, and the resulting charge-transfer resistances (R) and double-layer capacitances (C) from the Cole-Cole plots are summarized in Table 6 . While R is closely related to the speed of electrochemical reaction, C is proportional to the reactive surface area, and their product (RC) represents the surface catalytic ability without the contribution from surface area. From the results shown in Table 6 and plotted in Figure 8b ,c, we found that R and RC obtained at both RT and LT follow the same trend with the half-cell HRD (Table 6 ). Changes in surface reactive area (proportional to C) at RT and LT are not as significant as those in R and RC at RT and LT. Therefore, we conclude that the improvement in HRD by the introduction of a new V3B2 secondary phase is from the increase in surface catalytic ability. To further investigate the connection between HRD and the surface reaction, AC impedance measured at both RT and LT were conducted, and the resulting charge-transfer resistances (R) and double-layer capacitances (C) from the Cole-Cole plots are summarized in Table 6 . While R is closely related to the speed of electrochemical reaction, C is proportional to the reactive surface area, and their product (RC) represents the surface catalytic ability without the contribution from surface area. From the results shown in Table 6 and plotted in Figure 8b ,c, we found that R and RC obtained at both RT and LT follow the same trend with the half-cell HRD (Table 6 ). Changes in surface reactive area (proportional to C) at RT and LT are not as significant as those in R and RC at RT and LT. Therefore, we conclude that the improvement in HRD by the introduction of a new V 3 B 2 secondary phase is from the increase in surface catalytic ability.
Magnetic Susceptibility
To continue the study of surface catalytic ability, M measurements on the activated alloys were conducted to quantify the amount of metallic nickel embedded in the surface oxide. Metallic nickel in the surface acts as a catalyst for water splitting and recombination in the electrochemical reaction and contributes directly to the surface exchange current. Saturated M (M S ) from the ferromagnetic nickel in the surface oxide can be obtained by deducting the paramagnetic part of M curve [48] . Strength of the applied magnetic field corresponding to half of the M S value (H 1/2 ) is associated with the magnetic field domain size and can be used to estimate the average size of nickel clusters. The M vs. applied magnetic field curves are plotted in Figure 9 , and the calculated M S and H 1/2 are listed in Table 7 . M S first decreases slightly and then increases with the increase in the boron content. The initial decrease in M S is due to the reduction in the nickel-content in the alloy, and the later increase is caused by the increase in the nickel-content in the catalytic V 3 B 2 phase. As the boron content increases, not only the V 3 B 2 phase abundance increases, but the nickel content in the V 3 B 2 phase also increases ( Table 4) . The H 1/2 values listed in Table 7 indicate a decrease in size and an increase in surface area of nickel clusters with the increase in the boron content. 
To continue the study of surface catalytic ability, M measurements on the activated alloys were conducted to quantify the amount of metallic nickel embedded in the surface oxide. Metallic nickel in the surface acts as a catalyst for water splitting and recombination in the electrochemical reaction and contributes directly to the surface exchange current. Saturated M (MS) from the ferromagnetic nickel in the surface oxide can be obtained by deducting the paramagnetic part of M curve [48] . Strength of the applied magnetic field corresponding to half of the MS value (H1/2) is associated with the magnetic field domain size and can be used to estimate the average size of nickel clusters. The M vs. applied magnetic field curves are plotted in Figure 9 , and the calculated MS and H1/2 are listed in Table 7 . MS first decreases slightly and then increases with the increase in the boron content. The initial decrease in MS is due to the reduction in the nickel-content in the alloy, and the later increase is caused by the increase in the nickel-content in the catalytic V3B2 phase. As the boron content increases, not only the V3B2 phase abundance increases, but the nickel content in the V3B2 phase also increases ( Table 4 ). The H1/2 values listed in Table 7 indicate a decrease in size and an increase in surface area of nickel clusters with the increase in the boron content. 
Conclusions
The influences of boron addition on the microstructural, gaseous phase, and electrochemical properties of a V-containing Laves phase-based metal hydride alloy have been studied. A small amount of boron (<2 at %) decreases the hydrogen equilibrium pressure because of the enlargement in unit cell of the C14 main phase, decreases the discharge capacities, and impedes the high-rate performance. However, a further increase in the boron content promotes the formation of a new V3B2 Figure 9 . Magnetic susceptibilities of alloys in this study. 
The influences of boron addition on the microstructural, gaseous phase, and electrochemical properties of a V-containing Laves phase-based metal hydride alloy have been studied. A small amount of boron (<2 at %) decreases the hydrogen equilibrium pressure because of the enlargement in unit cell of the C14 main phase, decreases the discharge capacities, and impedes the high-rate performance. However, a further increase in the boron content promotes the formation of a new V 3 B 2 secondary phase and increase in the abundance of the beneficial TiNi phase, which contribute positively to the high-rate and low-temperature performances. Future studies will focus on optimizing the V 3 B 2 phase abundance and introducing this phase in other metal hydride alloy families.
